Role of the genes Md-ACO1 and Md-ACS1 in ethylene production and shelf life of apple (Malus domestica Borkh) by Costa, F. et al.
Euphytica (2005) 141: 181–190
DOI: 10.1007/s10681-005-6805-4 C© Springer 2005
Role of the genes Md-ACO1 and Md-ACS1 in ethylene production and shelf
life of apple (Malus domestica Borkh)
Fabrizio Costa1,∗, Sara Stella1, W. Eric Van de Weg2, Walter Guerra3, Michela Cecchinel3,
Joseph Dallavia3, Bernie Koller4 & Silviero Sansavini1
1Dipartimento di Colture Arboree, University of Bologna, 40127 Bologna, Italy; 2Plant Research International,
Wageningen, P.O.Box 16, 6700AA, The Netherlands; 3Centro per la Sperimentazione Agraria e Forestale Laimburg,
Posta Ora, 39040 Vadena (BZ), Italy; 4Institute of Plant Science, Swiss Federal Institute of Technology, CH-8092
Zu¨rich, Switzerland; (∗author for correspondence: e-mail: fcosta@agrsci.unibo.it)
Received 22 April 2004; accepted 24 November 2004
Key words: ACO, ACS, ethylene production, fruit softening, marker assisted breeding
Summary
Shelf life determines the economic life time of mature apples, which can be either freshly harvested or stored. Good
shelf life is highly associated with a slow decrease of fruit firmness at room temperature. Apple is a climacteric
fruit, in which loss of firmness seems to be physiologically related to ethylene. Ethylene’s biosynthetic pathway
is controlled by two large gene families coding for 1-aminocyclopropane-1-carboxylate synthase (ACS) and 1-
aminocyclopropane-1-carboxylate oxydase (ACO).
In this study, one ACS and one ACO gene were examined for their effect on ethylene production and shelf life in
apple using gene specific molecular marker, and have also been positioned on a molecular marker linkage map. The
ACO marker was developed in this research and mapped on linkage group (LG) 10 of the crosses Prima × Fiesta
and Fuji × Mondial Gala, within the 5% border of a previously identified fruit firmness QTL [Theor Appl Genet
100 (2000) 1074]. We denoted this locus as Md-ACO1. In addition, we mapped the previously developed Md-ACS1
marker [Theor Appl Genet 101 (2000) 742] on LG15.
Studies on the cross Fuji × Braeburn revealed that Md-ACS1 and Md-ACO1 independently affect the internal
ethylene concentration (IEC) as well as shelf life of apple, Md-ACS1 having the strongest effect. Descendants
homozygous for Md-ACS1-2 and Md-ACO1-1 showed to have the lowest ethylene production as well as superior
shelf-life. These two genes are candidates to be included in marker assisted breeding.
Introduction
Shelf life of ripe fruit is a relevant aspect of the eco-
nomic life time of freshly harvested apples as well as
after storage. Shelf life is determined by the way of
growing, stage of development of the fruit at harvest,
and by the genetic constitution of the fruit. Indeed,
apple cultivars differ greatly in their shelf life. Since
knowledge on this genetic component may improve the
breeding of new cultivars, we aim to identify the genes
that are responsible for these differences. Good shelf
life is associated with a slow break down of firmness of
mature fruit at room temperatures. In climacteric fruit,
like apple, fruit ripening is controlled by the internal
ethylene concentration (IEC). Fruit can be classified
as climacteric and non climacteric, depending on the
biochemical changes taking place during their ripening
(Giovannoni, 2001). A climacteric fruit is characterized
by an ethylene burst accompanied by an increase in
respiration. In higher plants ethylene is a hormone reg-
ulating several physiological processes related to fruit
ripening, such as changes in skin color, flesh texture,
and variation in flavor and aroma (Oetiker et al., 1995;
Picton et al., 1995). The biosynthetic pathway of the
hormone is controlled by the activity of two enzymes,
both encoded by two large gene families. The first
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encodes for the enzyme ACS (1-aminocyclopropane-
1-carboxylate synthase), which usually represents the
‘rate limiting step’ of the pathway leading to the
production of the ethylene intermediate ACC (1-
aminocyclopropane-1-carboxylic acid) from SAM (S-
adenosyl-L-methionine). The second enzyme ACO
(1-aminocyclopropane-1-carboxylate oxydase), also
known as ethylene forming enzyme (EFE), is involved
in the conversion of ACC to ethylene (Yang, 1985;
Bleecker & Kende, 2000).
In tomato, ethylene level has a direct relationship
to fruit softening (Rose et al., 1997) and, for this rea-
son, it has an important commercial impact, determin-
ing shelf life and storability of the fruit. In this paper
we investigate whether ethylene plays a similar role in
apple by studying the role of ACO and ACS in ethy-
lene production and shelf life of freshly harvested fruit
in a segregating apple progeny. The phenotypic data
were analysed in view of the genotypic constitution of
the progeny as assessed by gene specific co-dominant
molecular markers of which the ACS marker was pre-
viously developed by Harada et al. (2000) and of which
the ACO marker was developed in this research. Both
genes were also mapped on molecular linkage maps.
As a result, we obtained allele specific molecular mark-
ers that can be employed in marker assisted breeding
(MAB) for extended shelf life.
Materials and methods
Populations
Three crossing populations were studied: Prima × Fi-
esta, Fuji × Mondial Gala, and Fuji × Braeburn. The
first two were used for mapping purposes, the latter one
to study the inheritance of ethylene traits and the ef-
fect of ACS and ACO genes on ethylene production and
fruit firmness. Prima × Fiesta extensively described by
Maliepaard et al. (1998) has been used being a refer-
ence for its molecular marker maps in apple, though
fruit quality of both cultivars is limited. Fuji, Mon-
dial Gala and Braeburn do have outstanding fruit qual-
ity and two crosses (Fuji × Mondial Gala and Fuji ×
Braeburn) are involved in an extensive program of the
DCA-University of Bologna on the identification of
molecular markers for fruit quality traits, which pro-
gram has recently been extended to an European con-
text (Gianfranceschi & Soglio, in press). A molecular
marker map is under construction for Fuji × Mondial
Gala, while that for Fuji × Braeburn will be initiated in
2005. Fuji × Braeburn is also involved in a co-operative
project between DCA and the Research Institute Center
of Agriculture and Forestry, Laimburg including stud-
ies on ethylene production and shelf life. All plants
of this crossing population were grafted in 1998 on
the M9 rootstock and grown at Laimburg. In 2001, 26
seedlings were fruit-bearing, and 48 in 2002.
Fruit harvesting
Fruits of the Fuji × Braeburn population and the
parental cultivars were harvested in 2001 and 2002.
To standardize picking time, 20 fruits/genotype were
collected at a starch value of 7 (±0.5) on a 1 to 10 scale.
For ethylene measurements, only representative fruits
with a homogeneous external appearance were chosen:
fruit that showed hail damage or that was unripe or too
small in size was rejected.
Assessment of fruit firmness
Fruit firmness was assessed using an Effegi penetrom-
eter with a 11.2 mm probe. For each of the tested geno-
types 10 fruits were directly examined on harvest, and
9 after storage for 30 days at room temperature by two
assessments on opposing sites of each fruit. In 2002
complete data sets could be obtained for only 20 out
of the 48 fruiting genotypes for various reasons: (1)
the fruit flesh of some genotypes became too elastic
at day 30, over evaluating the penetrometer readings,
(2) insufficient number of apples due to decay (brown-
ing), and (3) logistic problems due to which only late
maturing genotypes could be evaluated.
Assessment of ethylene production
Fruit samples were kept at room temperature (around
20 ◦C) for a period of 30 days after harvest and ethylene
measurements were made every two to three days. At
the onset of the experiment, 9 fruits were collected from
each genotype and divided into three groups. Next, the
apples of each group were sealed for 90 min in a sin-
gle 3 l glass jar with a septum fitted lid. For ethylene
measurement 1 ml headspace samples were taken three
times a week and analysed with gas chromatography
(model Varian 3300, with a Poropak column QS 80/100
at 80 ◦C and a FID detector temperature of 150 ◦C).
The average ethylene production from the three jars
was calculated and used in further analyses.
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Development of an ACO marker
Homologous apple sequences of ACO were se-
lected from the NCBI database (X98627, AF030859,
AJ001646, Y14005), and a pair of ACO-specific
primers was designed for the most conserved re-
gion following ClustalW analysis <http://www.embl-
heidelberg.de/>. The sequences of the specific primers
were: Md-ACO1f, 5′-TCC CCC CAA TGC ACC ACT
CCA-3′ and Md-ACO1r, 5′-GAT TCC TTG GCC TTC
ATA GCT TC-3′.
The identity of the marker was confirmed by
cloning (using the pGEM T vector System1, Promega,
and transforming in DH5α E. coli) and sequencing the
amplicons from the cultivars Fuji and Mondial Gala
(the sequencing was performed at MWG Biotech). Se-
quence identity and similarity was analysed with the
Fasta program <http://www.embl-heidelberg.de/>.
DNA isolation, amplification and mapping of ACO
and ACS
Leaves from Fuji × Braeburn were collected during
spring 2001, and frozen in liquid nitrogen after a short
storage for 1 h at −80 ◦C. Following the same protocol,
leaves of Fuji × Mondial Gala were collected in 2000.
Genomic DNA was isolated according to Doyle and
Doyle (1989).
PCR reactions were performed in a final mix of 25
µl containing 50 ng of template DNA, 0.25 mM of each
dNTP, 1 mM MgCl2, 0.2 µM of each primer (forward
+ reverse), 2.5 µl 10× PCR buffer and 1 U of Taq
polymerase (Amesrsham Pharmacia). The thermal cy-
clers (MJ RESEARCH PTC200 Peltier Thermal Cycler
– gradient, MJ RESEARCH PTC 100 Programmable
Thermal controller Peltier effect cycling) performed
the following thermal profile: 94 ◦C for 2 min, 35 cy-
cles of 65 ◦C for 45 s, 72 ◦C for 2 min, 94 ◦C for 45 s,
followed by a final annealing and extension at respec-
tively 65 ◦C for 45 s and 72 ◦C for 10 min. The PCR
products were separated on a 2% agarose gel.
The sequence of the Md-ACS1 primers and the rel-
ative PCR conditions were reported by Harada et al.
(2000).
The Md-ACS1 and Md-ACO1 markers were tested
on two mapping populations to discover their genomic
position. Maps were calculated with JoinMap 3.0TM
(Van Ooijen & Voorrips, 2001) using the Kosambi
mapping function. Final drawings of the marker maps
were generated with MapChart (Voorrips, 2001). The
map of the Prima × Fiesta population is described by
Maliepaard et al. (1998) and extended by Van de Weg
et al. (unpublished) within the framework of the Euro-
pean DARE project (FAIR-CT97-3898).
Results
Development of an ACO marker
An ACO marker was developed based on three full
length sequences of apple gDNA and one mRNA se-
quence as present in the NCBI database. The full length
gene reported consists of four exons and three introns
covering a total of 904 and 671 nt respectively. Only
four non-silent and one silent SNP could be identi-
fied in the coding region, indicating that this gene is
highly conserved. However, the third intron showed
a large length polymorphism of 62–63 nt, AF030859
(Granny Smith) and X98627 (Fuji) having a single,
large deletion. We took advantage of this polymor-
phism by designing primers on the conserved region
of the third and forth exon (Md-ACO1f: 5′-TCC CCC
CAA TGC ACC ACT CCA-3′, Md-ACO1r: 5′-GAT
TCC TTG GCC TTC ATA GCT TC-3′), for which
the expected marker sizes are around 525 and 587 nt.
This primer pair was tested on a panel of 14 ap-
ple cultivars and revealed just two bands of the ex-
pected sizes: Md-ACO1-1 and Md-ACO1-2 size. Mon-
dial Gala and Fiesta have both bands, Fuji only Md-
ACO1-1 and Prima only Md-ACO1-2 (Figure 1). The
PCR products of Fuji (AY598766) and Mondial Gala
(AY598767, AY598768) were cloned and sequenced.
Their smaller fragment were fully identical to each
other as to X98627 and differed for just two coding
and two non-coding SNPs to AF030859. The larger
fragment of Mondial Gala was identical to Y14005 but
for one coding and one non-coding SNP. The e-value
of these two fragments ranged between 4.8e−122 and
2.9e−132. The marker thus amplifies the ACO region
targeted and is co-dominant in nature with respect to
the 62–63 nt deletion.
Mapping of Md-ACS1 and Md-ACO1
Md-ACO1 mapped on LG10 in the Prima × Fiesta pop-
ulation, as well as in the Fuji × Mondial Gala popula-
tion (Figure 2), at the border of the 5% interval for the
fruit firmness QTL identified by King et al. (2000) and
Maliepaard et al. (2001).
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Figure 1. Md-ACO1 polymorphisms as detected for the cultivars Mondial Gala (2), Fuji (3), Fiesta (4) and Prima (5). 1 = M.W. Ladder.
Figure 2. Map positions of Md-ACS1 and Md-ACO1. Md-ACS1 mapped on linkage group 15 of Prima and Fiesta and Md-ACO1 on linkage
group 10 of Fiesta and Mondial Gala.
The marker Md-ACS1 (Harada et al., 2000) was
tested on the same panel of 14 apple cultivars as ACO, to
search for polymorphisms. Like Harada et al. (2000) we
could distinguish just two distinct alleles: Md-ACS1-1
of approximately 500 bp and Md-ACS1-2 of 650 bp
(Figure 3). Subsequently, this marker was tested on the
Prima × Fiesta population, being heterozygous in both
parental cultivars. It mapped on linkage group (LG) 15
(Figure 2), at a position quite distant from a known
QTL for fruit firmness (King et al., 2000; Maliepaard
et al., 2001).
Ethylene production inheritance in Fuji × Braeburn
Fruits of the population Fuji × Braeburn were har-
vested at starch level 7 and kept for 30 days at room
temperature (around 20 ◦C). During this period, fruit
samples were collected every two to three days to mea-
sure ethylene content. In 2001, 26 of the genotypes
tested showed a large variation in ethylene production.
A closer look at the data revealed that the population
can be separated into two groups: one producing more
than 30 µl kg−1 h−1 of ethylene in any day from the 6th
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Figure 3. Md-ACS1 polymorphisms detected in 14 apple cultivars.
up to the end of the experiment (day 30th), and a second
group that produced less than 20 µl kg−1 h−1 of ethy-
lene during the same period (Figure 4a). The two groups
consisted of 12 and 14 genotypes respectively, show-
ing a 1:1 segregation. A similar result was obtained in
2002 where 48 genotypes were examined, 27 of which
with a low and 21 with a high production of ethylene
(consistent with 1:1, χ2 = 0.44). The trend reflects
the ethylene production of the parents (Figure 4b), of
which Fuji (considered as a low ethylene producer)
never passed the lower ethylene threshold, while Brae-
burn (a high ethylene producer) surpassed already on
the 6th day the higher threshold of 30 µl kg−1 h−1.
Shelf life
The high and low ethylene producing group of the
Fuji × Braeburn progeny had a similar firmness on
harvest (Table 1), but only the low ethylene produc-
ing set retained firmness during the following 30 days
(loosing only 0.4 kg cm−2). In contrast, the high pro-
ducing set showed a dramatic loss (Table 1). This
clearly shows that loss of fruit firmness, and thus
also shelf life, was phenotypically related to ethylene
production.
Table 2. Average of the maximum ethylene production (µl kg−1 h−1) of the four possible genotypes of the Fuji × Braeburn
population based on the allelic state of Md-ACO1 and Md-ACS1
Allele Md-ACO1-1/Md-ACO1-2 Md-ACO1-1/Md-ACO1-1 Reduction
configuration (heterozygous) n (homozygous) n (%)
Md-ACS1-1/Md-ACS1-2 (heterozygous) 56.2 12 48.5 9 13.7
Md-ACS1-2/Md-ACS1-2 (homozygous) 14.8 17 12.9 10 13.2
Reduction (%) 74.7 73.5
n: number of genotypes on which the average ethylene production is based.
Involvement of genetic constitution on ethylene
production and shelf life
The Md-ACS1 marker was tested on the cross Fuji (Md-
ACS1-2/Md-ACS1-2) × Braeburn (Md-ACS1-1/Md-
ACS1-2). Md-ACS1-2 was homozygous in all 27
genotypes with a low ethylene production, except in
one, while heterozygous genotypes (Md-ACS1-1/Md-
ACS1-2) contributed 18 of the 21 seedlings with a high
level of ethylene production. This indicates that allele
Md-ACS1-1 was essential for high ethylene production,
while Md-ACS1-2 confers for low ethylene production.
The marker Md-ACO1 was also tested on this same
population subdividing the population into four groups
of genotypes, according to the four possible allelic
combinations of both markers (Table 2). The highest
average ethylene production was obtained by geno-
types heterozygous at both loci. A change in Md-ACS1
from the heterozygous state to homozygosity for Md-
ACS1-2 resulted in a reduction in ethylene production
of around 74%, regardless of the Md-ACO1 allele. Sim-
ilarly, a change in Md-ACO1 from heterozygous to
homozygous for the Md-ACO1-1 allele resulted in a
reduction of around 14%, regardless of the allelic con-
stitution of Md-ACS1 (Table 2). These results allow two
conclusions. Firstly, ACS had a much stronger effect
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Table 1. Average fruit firmness of two subsets of the Fuji × Braeburn population at harvest time and 30
days after harvest (2002)
Subset Ethylene concentration Firmness at Firmness after Fruit softening
(µl kg−1 h−1) (µl kg−1 h−1) harvest (kg cm−2) 30 days (kg cm−2) (kg cm−2)
Less than 20 16.3 7.60 7.35 0.35
More than 30 41.7 7.69 4.98 2.71
The first subset consisted of 12 genotypes that produced less than 20 µl kg−1 h−1 ethylene, the second
subset consisted of 14 genotypes that produced more than 30 µl kg−1 h−1.
(a)
(b)
Figure 4. Ethylene evolution in 26 genotypes of the Fuji × Braeburn population (4a) and the two parental cultivars (4b) during a 30-day period
after harvest (2001).
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Table 3. Average, minimum, and maximum of fruit softening (kg cm−2) of all four possible combinations of Md-ACS1 and Md-ACO1 genotypes
based on the 2002 harvest of 20 members of the Fuji × Braeburn population
Md-ACO1-1/Md-ACO1-2 (heterozygous) Md-ACO1-1/Md-ACO1-1 (homozygous)
Allele
configuration Mean Minimum Maximum N S.E. Mean Minimum Maximum N S.E. Mean
Md-ACS1-1/Md-ACS1-2 1.9 a 0 2.8 4 0.65 1.6 a 0 3.4 3 0.98 1.8 a
(heterozygous)
Md-ACS1-2/Md-ACS1-2 0.7 b 0 2.5 9 0.28 0.5 b 0.1 0.8 4 0.5 0.6b
(homozygous)
Mean 1.3 n.s 1.1 n.s
Different letters within a column indicate a significant difference at respectively the 95 and 99% confidence level according to a two-sided t-test.
on ethylene production; secondly ACS and ACO acted
independently. From these results it may be expected
that Md-ACS1-1 homozygous genotypes will generally
show an even higher ethylene production, which has
indeed been observed by Harada et al. (2000).
In a similar way we analysed the effect of ACS and
ACO on loss of firmness of 20 genotypes (Table 3). Also
here ACS has a major effect: heterozygous genotypes
had an average loss of 1.8 kg cm−2, while Md-ACS1-2
homozygotes lost 1.2 kg cm−2 less, namely 0.6 kg
cm−2. The effect of ACO was minor: Md-ACO1-1 ho-
mozygous genotypes lost, on the average, 0.2 kg cm−2
less than heterozygous genotypes (0.7 minus 0.5 kg
cm−2, see Table 3). The fact that ACS homozygous-
ACO heterozygous genotypes could have a decrease in
firmness of up to 2.5 kg cm−2 (Table 3) compared to
the max of 0.8 kg cm−2 of ACS-homozygous – ACO-
homozygous genotypes suggests that a low level of
ethylene production due to ACO may already be suffi-
cient to evoke a large decrease in firmness. This result
thus supports biological relevance of ACO for shelf
life as a consequence of its clear though minor effect
on ethylene production. However, the effect of ACO on
firmness was not statistically significant. This is proba-
bly due to the low number of examined genotypes, and,
more importantly, due to the large variation in decrease
of firmness within genotype classes. The data indicate
that this large variation may have a genetic basis. The
ACS-ACO homozygotes (coding for low ethylene pro-
duction) was the only class that showed little variation,
all decreases being within the 0.1–0.8 kg cm−2 range.
The other three classes, which code for higher ethylene
productions, showed a much wider range. Their lower
limit was the same, while their upper levels lay between
2.5 and 3.4 kg cm−2 (Table 3). The major part of these
genotypes showed either no or a high decrease in firm-
ness (Table 4), suggesting that once certain amounts of
ethylene are produced, additional factors are required
Table 4. Overall frequency distribution of the decrease in
firmness of 16 genotypes of the Fuji × Braeburn progeny
belonging to three genotype classes (ACS-homozgous/ACO-
heterozygous, ACS-heterozygous/ACO homozygous, ACS-
heterozygous/ACO-heterozygous)
Decrease in
firmness (kg cm−2) N
0 6
0–0.5 0
0.5–1.0 3
1.0–1.5 1
1.5–2.0 1
2.0– 5
for loss of firmness, and that these factors are segregat-
ing and thus present in only part of the progeny. The
similar number of genotypes for each of the extreme
phenotypes suggests that only a limited number of fac-
tors (genes) is involved, possibly only one or two. These
could code for a receptor for ethylene, or for cell wall
degrading enzymes that are regulated by ethylene. Not
being identified yet, these additional factors increase
the unaccounted experimental variation, and thereby
decrease the power to confirm effects of minor genes
like ACO.
Discussion
We have shown that between the genes Md-ACS1 and
Md-ACO1, involved in ethylene production during ap-
ple ripening, ACS is the major gene ACO still having
a less strong but still clear effect and acting indepen-
dently of ACS. Both genes also affected the loss of firm-
ness after harvest, and thereby shelf life of fruit. The
relative small effect of Md-ACO1-2 on ethylene pro-
duction was already sufficient to allow a considerable
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decrease of firmness in some genotypes. This result
thus confirms the physiological relationship between
ethylene production and shelf life in mature apple fruit.
The best retention of shelf life was obtained in apple
progenies that lack both the alleles Md-ACS1-1 and
Md-ACO1-2.
We mapped Md-ACS1 and Md-ACO1 on respec-
tively linkage group (LG) 15 and 10 of the apple
genome (Maliepaard et al., 1998), of which Md-ACO1
showed to co-localise with a previously identified QTL
for fruit firmness (King et al., 2000; Maliepaard et al.,
2001). To date we could distinguish only two alleles of
ACS, like Harada et al. (2000), and two for ACO. How-
ever both surveys were based on a limited numbers of
cultivars, some of which are genetically related as well.
The differential expression of Md-ACO1 alleles in
ethylene production as examined in this study fully co-
incided with the presence or absence of a 62 nt fragment
of the third intron, absence being associated with re-
duced production. It is known from literature that dele-
tions in introns can influence gene expression for many
reasons, like, for instance, transcription and translation
efficiency (Le Hir et al., 2003; Nott et al., 2003). This
may be true for ACO too. Otherwise absence of this
segment should be associated with certain non-silent
polymorphism in the coding or promoter region of the
gene, at least with regard to our parental cultivars Fuji
and Braeburn. We can not further elaborate on this,
since no ACO sequences were available for Braeburn.
Considering the major impact of ACS it will be of
high interest to examine its allelic variation in a more
extensive and wide range of cultivars.
Associations with known QTLs
Md-ACO1 co-localises with a major QTL for firmness
previously identified in the cross Prima × Fiesta (King
et al., 2000; Maliepaard et al., 2001). This indicates
that not only Md-ACS1 but also Md-ACO1 represents
a ‘fundamental step’ during some stages of fruit ripen-
ing in other genetic backgrounds, or that this gene is
genetically linked to another gene involved in ethylene
regulation or cell wall degradation. The role of Md-
ACO1 in determining firmness and shelf life requires
therefore further investigation.
Md-ACS1 mapped on LG 15 at a quite large distance
from a previously identified minor QTL (King et al.,
2000; Maliepaard et al., 2001). ACS and this QTL thus
must be different genes. The ACS region was not previ-
ously identified as QTL for fruit firmness, which is not
surprising since its genomic region was not covered by
markers in the Fiesta parent (Maliepaard et al., 1998).
Finally it should be noted that for fruit firmness
several other genes may be involved, in addition to
ACS and ACO, like a gene for the major QTL allele for
firmness present on LG1, which is associated with the
Vf gene (King et al., 2000; Maliepaard et al., 2001) that
derived from the wild species Malus floribunda.
Number of ethylene genes
In this research we could identify only a single ACS
and ACO gene for the climacteric stage of apple. Con-
sidering the duplicated nature of the apple genome, a
second gene both for ACS and for ACO is expected to
be present and active on the homologous counterparts
of LG15 and LG10, these being LG8 and LG5 respec-
tively (Maliepaard et al., 1998; Liebhard et al., 2003).
The fact that we did not amplify such genes may indi-
cate that they have a quite different sequence, at least
at the target region of the primers that have been used
in our experiments.
Our finding on the expression of just a very limited
number of ACS and ACO genes during the climacteric
stage of fruit ripening is in agreement with Harada et al.
(2000), who found that genotypes homozygous for Md-
ACS1-2 produce a low level of ethylene during storage
as well as at the climacteric stage. Such a clear result
can only be obtained if just a very limited number of
genes with limited functional allelic diversity are in-
volved.
Our results are also consistent with findings in
tomato, where only one ACS (LE-ACS2; Alexander
et al., 2002; Barry et al., 2000) and one ACO gene
(LE-ACO1; Alexander et al., 2002) is expressed in the
climacteric stage, of which ACS is the ‘regulatory en-
zyme’ (Barry et al., 2000).
In apple, three ACS genes are known in addi-
tion to MdACS1: MdACS2 (U03294; Dong et al.,
1991), MdACS3 (U73816; Rosenfield et al., 1996), and
MdACS5 (AB034992; Sunako et al., 2000). The se-
quence similarity of their overlapping segments ranges
from 47.0 to 72.4%, indicating that these genes are
quite different. These other genes may be related
to wounding, vegetative growth, and pre-climacteric
stages of fruit ripening, since these are usually un-
der control of different regulation mechanisms (Mc-
Murchie et al., 1972; Barry et al., 2000). The fact that
we did not identify these genes is because our primers
target at polymorphic gDNA regions.
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Closing remarks
Our data show that ACS and ACO not only play a ma-
jor role in ethylene production, but also in the retention
of firmness, thereby affecting the commercial lifetime
of apple fruits. Almost all genotypes homozygous for
both the alleles Md-ACS1-2 and Md-ACO1-1 produced
small amounts of ethylene and lost only a very limited
degree of firmness (0.5 kg cm−2) after harvest. This
finding will support the use of these two functional
markers in marker assisted breeding, allowing the iden-
tification of parents heterozygous for Md-ACS1, and the
identification of Md-ACS1-2 homozygous seedlings in
the offspring of two such heterozygous parents when
the seedlings are just a few weeks old. Evidently, this
approach will increase the proportion of low ethylene
producing seedlings planted in the orchard, and thereby
the proportion of seedlings with good storability and
long shelf life.
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